The toll-like receptor (TLR) and interleukin (IL)-1 family of receptors share several signaling components, including the most upstream adapter, MyD88. We previously reported the discovery of B cell adapter for phosphoinositide 3-kinase (BCAP) as a novel toll-IL-1 receptor homology domain-containing adapter that regulates inflammatory responses downstream of TLR signaling. Here we find that BCAP plays a critical role downstream of both IL-1 and IL-18 receptors to regulate T helper (Th) 17 and Th1 cell differentiation, respectively. Absence of T cell intrinsic BCAP did not alter development of naturally arising Th1 and Th17 lineages but led to defects in differentiation to pathogenic Th17 lineage cells. Consequently, mice that lack BCAP in T cells had reduced susceptibility to experimental autoimmune encephalomyelitis. More importantly, we found that BCAP is critical for IL-1R-induced phosphoinositide 3-kinase-Akt-mechanistic target of rapamycin (mTOR) activation, and minimal inhibition of mTOR completely abrogated IL-1β-induced differentiation of pathogenic Th17 cells, mimicking BCAP deficiency. This study establishes BCAP as a critical link between IL-1R and the metabolic status of activated T cells that ultimately regulates the differentiation of inflammatory Th17 cells.
Introduction
TLRs are transmembrane receptors that detect the presence of microbial infections to induce rapid innate immune responses. TLR signaling is initiated by homotypic interactions of the toll-IL-1 receptor (TIR) homology domains found in the cytosolic region of IL-1R/TLR superfamily members. TIR domain interactions further mediate ligand-dependent recruitment of TIR domain-containing signaling adapters (Xu et al., 2000) . Myeloid differentiation factor 88 (MyD88) was the first identified TIR domain-containing signaling adapter and is used by all TLRs, apart from TLR4, which signals via MyD88-dependent and MyD88-independent (but TRIF-dependent) pathways, and TLR3, which signals completely independently of MyD88 (Takeuchi and Akira, 2010; Troutman et al., 2012a) . TIR domains are also conserved within the family of IL-1 cytokine receptors, which also depend on the recruitment of MyD88 for signal transduction (Garlanda et al., 2013) .
Expression of TLRs is restricted to myeloid cells, B cells, and, in some cases, specialized epithelial cells. This localization is thought to restrict the potentially dangerous outcomes of TLR signaling to those cells capable of handling and responding in a manner most beneficial to the host. In contrast, many cell types of the host bear the ability to respond to cytokine cues provided by IL-1 family members (Garlanda et al., 2013) . The effect of many IL-1 family members on T cell differentiation and function has been well studied; IL-18 enhances the function of IFN-γ-producing T helper (Th) 1 and cytotoxic CD8 + T cells, IL-1β regulates Th17 cell function and proliferation, and IL-33 heightens Th2 cell responses while also regulating the homeostasis of regulatory T cells in adipose tissues (Han et al., 2015; Kolodin et al., 2015; Vasanthakumar et al., 2015) . All three cytokines, IL-1, IL-18, and IL-33, also have critical roles in regulating functions of Group 3, Group 1, and Group 2 innate lymphoid cells, respectively (Garlanda et al., 2013) . Inhibiting IL-1 signaling through IL-1R antagonism has proven clinically effective in treating multiple autoimmune diseases. Uncovering the molecular players that control IL-1 receptor family signaling will allow for more complete understanding of the biology of Th cell lineages and innate lymphoid cells and may provide novel therapeutic targets for autoimmune disorders.
We previously identified an obligate role for the signaling adapter B cell adapter for phosphoinositide 3-kinase (BCAP) as a novel TIR domain-containing TLR signaling adapter that medi-ates activation of the phosphoinositide 3-kinase (PI3K) pathway in macrophages stimulated with TLR ligands (Matsumura et al., 2010; Ni et al., 2012; Troutman et al., 2012b) . More importantly, the absence of BCAP led to exaggerated inflammatory responses after TLR activation, demonstrating that BCAP plays a critical role in regulating inflammation (Troutman et al., 2012b) . Here we discover that BCAP is an important signaling adapter broadly used by members of the IL-1R/TLR superfamily, including IL-1R and IL-18R. In this capacity, BCAP delivers critical signals downstream of IL-1 and IL-18 receptors in CD4 + T cells during priming to enhance Th17 and Th1 cell responses, respectively. Our results also demonstrate the requirement for BCAP in PI3K-Akt-mechanistic target of rapamycin (mTOR) activation downstream of IL-1β signaling in T cells, including mTOR-induced increases in glycolysis. Consequently, BCAP-deficient T cells are defective in their ability to commit toward pathogenic Th17 effector cells, which has broad implications for the role of IL-1 family members in the generation of autoimmunity.
Results
BCAP is required for efficient T cell priming and effector function Previously, we described and characterized the adapter BCAP as a TIR domain-containing TLR signaling adapter (Troutman et al., 2012b) . Our study demonstrated a crucial role for BCAP in the regulation of inflammation in vivo, whereby BCAP KO (BCA PKO) mice showed enhanced recruitment of inflammatory myeloid cells after infection. In addition, ex vivo priming experiments demonstrated that BCA PKO dendritic cells (DCs) induced robust priming of WT CD4 + T cells with increased production of IFN-γ and IL-17A, suggesting enhanced Th1 and Th17 cell priming (Troutman et al., 2012b) . We therefore hypothesized that BCA PKO DCs would be more efficient at priming CD4 + T cells in vivo and predicted that the in vivo Th cell response to immunization would be enhanced in BCA PKO mice. To test this hypothesis, we immunized WT and BCA PKO mice with OVA and LPS emulsified in IFA. After 7 d, we purified CD4 + T cells from the draining popliteal and inguinal lymph nodes and assessed the recall capacity of antigen experienced T cells by restimulation with titrating doses of OVA. To our surprise, we found defective priming and differentiation of antigen-specific CD4 + T cells from BCA PKO mice as revealed by reduced in vitro proliferation and secretion of prototypical Th17 and Th1 cytokines, IL-17A and IFN-γ (Fig. 1,  A and B) . Using a live-dead stain coupled with CFSE staining, we saw no differences in cell survival ( Fig. S1 A) but observed fewer BCAP-deficient CD4 + T cells diluting CFSE ( Fig. 1 C) . These results argue that generation of fewer OVA-specific T cells in BCA PKO mice during priming in vivo is reflected as reduced clonal expansion in vitro. Intracellular cytokine staining for IL-17A and IFN-γ on the CFSE neg population further showed reduced commitment to Th17 and Th1 lineages by BCA PKO CD4 + T cells ( Fig. 1 D) . These unexpected results prompted us to further test the possibility that BCAP could be playing a critical role intrinsic to Th cells. To test this hypothesis, we first used an in vitro priming system where BCAP deficiency was restricted to CD4 + T cells.
In this system, we cocultured WT or BCA PKO naive CD4 + T cells with WT DCs. By adding low concentrations of anti-CD3 to the coculture, we can mimic TCR signaling through DC interaction with the soluble antibody on the Fc receptors of the DCs (Hu et al., 2011) . Further, by provision of TLR ligands in the culture system, we effectively mimic priming conditions in vivo by allowing DCs to produce the necessary cytokines required to promote T cell differentiation into effector T cells. Using this experimental system, we found that BCAP-deficient T cells were highly defective in their ability to secrete IFN-γ and IL-17A, suggesting that BCAP expression in CD4 + T cells is required for optimal Th1 and Th17 cell differentiation ( Fig. 1 E) .
The above data suggest a functional role for BCAP intrinsically regulating T cell differentiation. To investigate if BCAP is equally expressed in all T cell lineages after polarization, we polarized naive WT CD4 + T cells to Th1, Th2, or Th17 lineages. Although we found BCAP expressed in all polarized cells, the expression of the four identified transcript variants (BCAP1-4) varied between lineages (Fig. 1 F) . We next determined the kinetics of BCAP expression in activated T cells through quantitative PCR (qPCR) and Western blotting analysis (Fig. 1, G and H) . Although BCAP is expressed at minimal levels during the naive state, it is up-regulated after TCR-mediated activation, suggesting that BCAP could play a critical role in signaling events that regulate differentiation of naive T cells into effector lineages.
BCAP functions downstream of IL-1R and IL-18R in CD4 T cells BCAP contains an N-terminal TIR domain that allows for homotypic interaction with the TIR domains of TLRs, MyD88, and TIR AP (TIR domain containing adapter protein; Troutman et al., 2012b; Halabi et al., 2017) . The IL-1R/TLR superfamily transmits extracellular signals to the cytosolic environment using shared signaling adapters; as TLRs comprise a subgroup of this broad family, we hypothesized that BCAP could act as a signaling adapter downstream of other members within this superfamily, including IL-1R and IL-18R. Previous studies have reported the importance of the IL-1 family of cytokines in the generation of effector T cells, as well as in the survival, proliferation, and function of T cells (Chung et al., 2009; Hu et al., 2011) . IL-1β is particularly well characterized for its role in Th17 cell function, whereas IL-18 has been described to play synonymous roles for Th1 cells (Yoshimoto et al., 1998; Tominaga et al., 2000) . To test our hypothesis in depth, we cocultured naive WT or BCA PKO CD4 + T cells with irradiated DCs. In this system, the DCs fail to provide cytokine signals, but can still provide costimulatory signals and TCR stimulation through the addition of soluble αCD3. We used this defect to our advantage by adding exogenous cytokines into the culture system. This approach revealed that BCAP was not required for Th1 cell differentiation in the presence of IL-12; however, when IL-18 was titrated into the culture system, we found that the expected enhancement of IFN-γ secretion and proliferation was dependent on BCAP (Fig. 2, A and B ). We performed a similar experiment using the Th17 cell polarizing cytokines IL-6 + TGF-β, which showed no difference in the ability of BCAP-sufficient or -deficient naive CD4 + T cells to differentiate into IL-17A-producing Th17 cells. However, upon addition of IL-1β into the culture system, we found a BCAP-dependent synergistic enhancement of IL-17A production and T cell proliferation (Fig. 2 , C Figure 1 . BCAP is required for efficient T cell priming and effector function. (A) CD4 + T cells were isolated from popliteal and inguinal lymph nodes of OVA-immunized WT and BCA PKO mice. Purified T cells pooled from three mice were incubated with WT DCs (5:1) and indicated concentrations of OVA. Proliferation was measured by 3 H incorporation in the last 16 h of culture. CCPM, cell counts per minute. Shown is the mean ± SD of three technical replicate cultures. Data are representative of three independent experiments. (B) Analysis of IFN-γ and IL-17A in the supernatant of DC-T cell cocultures as in A with 100 µg/ml OVA. Shown is the mean ± SEM; n = 4 mice per group. **, P < 0.01. Statistical analysis was performed with the two-tailed unpaired Student's t test.
(C) Representative flow plots (left) and quantification (right) of CD4 + T cell CFSE dilution after 3 d or 5 d of in vitro restimulation with WT DCs and indicated concentrations of OVA. Shown is the mean ± SEM; n = 4. Statistical analysis was performed with two-tailed unpaired Student's t test. *, P < 0.05; #, P < 0.0001. (D) Representative flow cytometry (left) and quantification of intracellular cytokine staining (right) of CFSE neg CD4 + T cells after 5 d of DC-T cell coculture with 100 µg/ml OVA. Shown is the mean ± SEM; n = 4 mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Statistical analysis was performed with the two-tailed unpaired Student's t test. (E) WT and BCA PKO naive CD4 + T cells pooled from three mice were incubated with WT DCs (5:1) and stimulated with the TLR ligands Pam3CSK4 (100 ng/ml) or CpG (1 µM). After 5 d, supernatant IL-17A and IFN-γ levels were measured by ELI SA. Shown is the mean ± SD. Data are representative of three independent experiments. (F) Lysates from WT and BCA PKO bone marrow-derived macrophages and WT CD4 + T cells polarized to Th1, Th2, or Th17 cells were analyzed for BCAP expression by Western blotting. Data are representative of four independent experiments. (G) WT and BCA PKO naive T cells were polarized to Th17 for the indicated time and analyzed for BCAP expression using qPCR. Expression is relative to WT 0 h. Data are representative of three independent experiments. (H) Lysates from WT and BCA PKO bone marrow-derived macrophages and WT CD4 + T cells polarized to Th17 cells for the indicated time points were probed for BCAP expression by Western blotting. Data are representative of three independent experiments. and D). There was no significant difference between the proliferation of BCAP-deficient or -sufficient CD4 + T cells in the absence of IL-1β or IL-18 ( Fig. S1 B) , suggesting a specific role for BCAP downstream of IL-1 and IL-18 receptors. To control for potential unknown DC-T cell interactions, we used plate-bound αCD3 + αCD28 to polarize naive WT and BCA PKO CD4 + T cells to the Th17 lineage (IL-6 + TGF-β) with or without the addition of IL-1β (Fig. 2, E and F) . Only the addition of IL-1β revealed a difference in IL-17A production by WT and BCA PKO Th17 polarized cells. There was no difference between RORγt expression by WT or BCA PKO polarized Th17 cells in the presence or absence of IL-1β ( Fig. S1 C) . BCAP expression also correlated with the expression of IL-1R on T cells, where naive CD4 + T cells have minimal IL-1R expression that is up-regulated after activation (Figs. 1 H and 2 G); importantly, there was no difference in the expression of IL-1R between WT and BCA PKO T cells. These results suggest that BCAP signaling via IL-1R family members is required for optimal differentiation of Th1 and Th17 cells during priming.
Our results suggest that BCAP functions in vitro through IL-1R family members to promote Th1 and Th17 cell commitment. To confirm that our observations were not an artifact of in vitro culturing, we generated BCAP floxed mice, which permitted the deletion of BCAP specifically in T cells by crossing the BCAP fl/fl mice to LCK.Cre transgenic mice (BCAPΔT). BCAP fl/fl mice and BCAPΔT mice have no obvious developmental abnormalities and reproduce at expected Mendelian ratios (unpublished data). We first repeated the experiments performed using the whole-body BCA PKO mice to confirm that the CD4 + T cell phenotype was specifically a result of BCAP deficiency. We immunized cohorts of BCAP fl/fl and BCAPΔT mice with OVA and LPS emulsified in IFA. Figure 2 . BCAP functions downstream of IL-1R and IL-18R in CD4 T cells. (A and C) Naive WT and BCA PKO CD4 + T cells pooled from three mice were incubated with WT DCs (5:1), 3 ng/ml αCD3, and indicated cytokines. Proliferation was measured by 3 H incorporation in the last 16 h of culture. Shown is the mean ± SD of three technical replicate cultures. Data are representative of two independent experiments. (B and D) IL-17A and IFN-γ measured from the supernatant of WT and BCA PKO DC/T cell cocultures (1:5) in the presence of the indicated cytokines. Shown is the mean ± SD of technical replicates. Data are representative of two independent experiments. (E) Representative flow plots (left) and quantification (right) of WT and BCA PKO naive CD4 + T cells polarized to Th17 with or without IL-1β for 5 d. Shown is the mean ± SEM; n = 3. *, P < 0.05, **, P < 0.01. Statistical analysis was performed with the two-tailed unpaired Student's t test. (F) Naive WT and BCA PKO CD4 + T cells were polarized for 5 d using neutralizing conditions (αIFN-γ + αIL-4) or to Th17 cells (TGF-β + IL-6 + αIFN-γ + αIL-4) with or without IL-1β. After polarization, IL-17A secretion was measured by ELI SA. Shown is the mean ± SD; n = 3. *, P < 0.05. (G) Naive WT and BCA PKO CD4 + T cells were polarized using neutralizing conditions; after 24 h, surface expression of IL-1R1 was measured using flow cytometry. Data are representative of three independent experiments.
After 7 d, we harvested the draining lymph nodes and purified CD4 + T cells, which were subjected to an ex vivo recall assay by coculturing with TLR2/4 double KO DCs and titrating concentrations of OVA. Consistent with the whole-body BCA PKO in vivo priming and in vitro experiments, BCAPΔT T cells showed defects in priming and differentiation to Th1 and Th17 effector lineages (Fig. 3, A and B) , as defined by decreased proliferation and cytokine production after in vitro restimulation. The reduced proliferation and cytokine production observed is, again, reflective of reduced in vivo priming of OVA-specific BCAPΔT T cells, which translates to reduced clonal expansion and cytokine production during restimulation in vitro. This is reiterated by the use of a viability dye coupled with CFSE staining, which shows that BCAP deficiency does not affect T cell survival, only clonal expansion during in vivo priming (Fig. S2, A and B ). At this point we focused our efforts on the role of BCAP in regulating IL-1β-mediated effects on Th17 cell differentiation. We polarized BCAPΔT and BCAP fl/fl naive CD4 + T cells to Th17 cells using either IL-6 + TGF-β or IL-6 + TGF-β + IL-1β ( Fig. 3 C) . Although polarization with IL-6 + TGF-β led to similar Th17 lineage commitment, there was a profound defect in BCAPΔT T cell differentiation into IL-17A-producing Th17 cells when IL-1β was present in the culture conditions ( Fig. 3 C) . Although we found differential expression of IL-17A, there was no difference in the expression of the transcription factor RORγt ( Fig. S2 C) . BCAP fl/fl naive T cells polarized to Th17 cells up-regulated BCAP similarly to WT T cells (Figs. 1 F and 3 D), whereas BCAPΔT T cells showed no expression of BCAP at any time point ( Fig. 3 D) . IL-1R expression was up-regulated equally between BCAP fl/fl and BCAPΔT T cells; therefore, the inability of BCAPΔT T cells to properly respond to IL-1β was not a result of a defect in IL-1R expression ( Fig. 3 E) . Interestingly, IL-1R is highly up-regulated shortly after activation, whereas BCAP expression is slightly delayed in comparison. This may suggest that there is a BCAP-independent IL-1R signaling cascade that occurs, likely through MyD88, before BCAP expression.
BCAP is required for the generation of pathogenic Th17 cells As T cell-intrinsic BCAP appears to be critical for Th1 and Th17 cell differentiation in both in vitro polarization assays and after protein immunization, we were interested in testing the status of steady-state Th1 and Th17 cell differentiation in various lymphoid tissues and barrier sites such as the intestinal lamina propria. We specifically analyzed the cytokine production of steady-state memory CD4 + T cells (CD4 + CD44 hi ) residing in the spleen, peripheral lymph nodes, mesenteric lymph nodes, and lamina propria of BCAPΔT and BCAP fl/fl littermates and found no difference in the proportions of IL-17A or IFN-γ-producing CD4 + T cells in any assessed organs ( Fig. 4 A) . This agrees with our initial in vitro data, where we found that Th1 and Th17 cell differentiation defects were revealed in BCAP-deficient T cells only when IL-1β or IL-18 was added to the culture conditions. The IL-1 family of cytokines are tightly regulated because of their highly inflammatory potential; in fact, excessive production of these cytokines is linked to many inflammatory and autoimmune disorders (Dinarello, 2009) . These data point to the possibility that there are differential signaling requirements for generation of steady-state Th1 and Th17 lineages, presumably driven by the mi-crobiota (Belkaid et al., 2013) , and Th1 and Th17 lineages induced after inflammation, such as during active infections or after immunization. We therefore hypothesized that T cell-intrinsic BCAP could be required for inflammation-driven Th17 lineage cells, such as those that arise during autoimmunity.
Other groups have performed extensive RNA profiling to determine genes associated with Th17 cells that induce high levels of autoimmunity, termed pathogenic Th17 cells. Pathogenic Th17 cells are polarized in the presence of IL-6 + TGF-β + IL-1β ± IL-23, as opposed to nonpathogenic Th17 cells, which are polarized in the presence of IL-6 + TGF-β (Brüstle et al., 2007; Lee et al., 2012; Tanaka et al., 2014; Gaublomme et al., 2015; Meyer Zu Horste et al., 2016; Gibson et al., 2017) . Using the gene signatures discovered by these previous groups, we tested whether BCAP was important for the induction of pathogenic Th17 cellassociated genes after polarization in the presence of IL-1β. We tested a few of the key genes shown to be required for Th17 cell pathogenicity: HIF1α, Tbx21, IL23R, and Sox5t. We chose to analyze HIF1α, Tbx21, and Sox5t expression as they are transcription factors that would have broad effects on Th17 cell function, including metabolism and cytokine production (Lee et al., 2012; Tanaka et al., 2014; Zeng and Chi, 2014) . We also selected IL23R as increased IL-23R expression has been closely correlated with Th17 cell pathogenicity (Lee et al., 2012) . Analysis of the transcript kinetics shows that BCAP is required for IL-1β-mediated differentiation of pathogenic Th17 cells ( Fig. 4 B) . Based on these data, we hypothesized that mice lacking T cell-intrinsic BCAP would have a defect in the generation of pathogenic Th17 lineage cells and reduced susceptibility to myelin oligodendrocyte glycoprotein (MOG) peptide-induced experimental autoimmune encephalomyelitis (EAE; Okuda et al., 1999; Sutton et al., 2006) .
T cell-intrinsic BCAP deficiency modulates EAE disease
To directly test our hypothesis that T cell-intrinsic BCAP is critical for generation of pathogenic Th17 lineage cells, we used the mouse model EAE, which causes an autoinflammatory disease state whereby pathogenic Th1 and Th17 cells induce demyelination of neurons within the central nervous system, leading to progressive paralysis (Petermann and Korn, 2011) .
We immunized littermate BCAPΔT and BCAP fl/fl mice using mouse MOG 35-55 emulsified in CFA, followed by administration of pertussis toxin day 0 and 2 after immunization (Sutton et al., 2006) . BCAPΔT mice had an increased time to disease and an increased remission from disease, which correlates with a decrease in the presence of pathogenic Th17 cells ( Fig. 5 A) . Serum collected at day 16 after immunization showed significantly decreased IL-17A and IFN-γ from BCAPΔT mice ( Fig. 5 B) . Histology of BCAP fl/fl and BCAPΔT spinal cords collected at day 16 after immunization showed that BCAPΔT mice were protected from EAE-mediated cellular infiltration and demyelination ( Fig. 5 C) . We further isolated CD4 + T cells from draining lymph nodes of BCAPΔT and BCAP fl/fl mice immunized for EAE, and performed an ex vivo recall assay to determine the quality of Th cells generated after immunization. Consistent with our previous results using the model antigen OVA, we found defective priming and differentiation of MOG-specific Th1 and Th17 cells in BCAPΔT mice (Fig. 5, D and E) . Further, there were fewer IFN-γ-IL-17A double-positive cells, the canonical pathogenic Th17 cells in BCAPΔT mice (Fig. 5 F) . Interestingly, we found no difference in the expression of RORγt in the isolated CD4 + T cells, suggesting that the reduced production of IL-17A is not a result of defective expression of RORγt but likely because of other functions of BCAP downstream of the IL-1R (Fig. S3 ). To confirm that the decreased EAE susceptibility was specifically caused by defective pathogenic Th17 lineage generation in the absence of BCAP, we used the transfer EAE model. BCAPΔT and BCAP fl/fl mice were immunized with MOG3 5-55 emulsified in CFA, and CD4 + T cells were isolated from draining lymph nodes 10 d later. CD4 + T cells were restimulated in vitro with WT DCs, MOG 35-55 , IL-1β, and IL-23 for 72 h, after which 5 × 10 6 CD4 + T cells were transferred to WT recipient mice, which were monitored daily for EAE disease ( Fig. 5 G) . In concordance with our hypothesis that BCAP is required for the generation of pathogenic Th17 cells, only BCAP-sufficient T cells were able to transfer EAE disease to WT recipients. The reduced pathogenicity of BCAPΔT T cells is also reflected by their reduced ability to induce inflammation within the spinal cord, as seen by fewer infiltrating CD4 + T cells and Ly6C + monocytes 30 d after transfer ( Fig. 5 H) .
BCAP links IL-1R signaling to PI3K-mTOR pathway and regulates metabolic effects downstream of IL-1R
The evidence from our experiments clearly establishes that T cell-intrinsic BCAP regulates the quality of Th17 cells without af- fecting the expression of the master transcription factory RORγt. BCAP was initially discovered to be an adapter linking the B cell receptor to PI3K activation (Okada et al., 2000) , and our earlier work, as well as work from another laboratory, firmly established BCAP to be a critical adapter that links TLR signaling to the PI3K pathway in macrophages (Okada et al., 2000; Ni et al., 2012; Troutman et al., 2012b) . Activation of the PI3K pathway downstream of both the TCR and the costimulatory molecule CD28 is critical for regulating the biology of activated T cells (Prasad et al., 1994; Frauwirth et al., 2002) . The PI3K pathway activates the mTOR pathway to induce pleiotropic affects, including increasing mRNA translation through the ribosomal protein S6, increasing glycolysis, modifying chromatin through the induction of HDACs, and inducing transcription through the activation of various transcription factors (Chi, 2012) . To determine whether BCAP is required for activation of the PI3K pathway downstream of IL-1R, we activated pure CD4 + T cells using plate-bound αCD3 + αCD28 to induce up-regulation of IL-1R, and then stimulated with IL-1β to see PI3K-mediated activation of Akt and S6 ribosomal protein. Using phosphoflow, we probed for the phosphorylation status of S473 on Akt and S240/244 on S6, and found that BCAP is required for IL-1β-mediated activation of the PI3K pathway ( Fig. 6 A) ; however, IL-1β-mediated activation of the MyD88-NF-κB pathway was unperturbed by the loss of BCAP (Fig. 6 B) . TCR signaling and IL-2 signaling both activate the PI3K pathway (Frauwirth et al., 2002; Chi, 2012) and are critical for T cell development and function, so we next tested if BCAP is specifically regulating the activation of the PI3K pathway downstream of IL-1R. Our experiments revealed that TCR + αCD28-and IL-2-induced PI3K activation (as revealed by phosphorylation of Akt and S6 ribosomal protein) is not deficient in BCAPΔT T cells (Fig. 6 , C and D), clearly suggesting that the functional defects are not a result of a role for BCAP downstream of TCR or CD28 stimulation.
It is well known that IL-1R and IL-6R signaling have synergistic effects that regulate T cell activation and differentiation (Mizutani et al., 1989; Basu et al., 2015) . STAT3 is a critical transcription factor for the development of Th17, and multiple studies have implicated mTOR activation in the phosphorylation of STAT3 as well as the repression of SOCS3, which negatively regulates STAT3 (Chen et al., 2006; Harris et al., 2007; Basu et al., 2015) . We hypothesized that IL-1β may be playing a synergistic role with IL-6 to induce the differentiation of pathogenic Th17 cells through BCAP. To test this hypothesis, we stimulated BCAP-sufficient and -deficient CD4 + T cells with IL-6 or IL-1β alone, or IL-6 with IL-1β and analyzed the kinetics of STAT3 activation over a 4-h period. Although both BCAP-sufficient and -deficient T cells equally phosphorylated STAT3 after stimulation with IL-6, only BCAP-sufficient T cells had significantly increased pSTAT3 levels with the addition of IL-1β (Fig. S4) . These data corroborate earlier evidence linking IL-1R and IL-6R signaling and establish a critical role for BCAP as a molecular player that enables this synergism (Chung et al., 2009; Basu et al., 2015) .
The PI3K-Akt-mTOR pathway is a central regulator of cell metabolism, specifically driving cells to increase glycolysis and the synthesis of lipids and nucleotides, culminating in increased proliferation, cell growth, cell survival, and cytokine production (Zeng and Chi, 2013) . As BCAP-deficient T cells failed to activate the PI3K pathway in response to IL-1β, we next assessed whether IL-1β would increase Th17 cell glycolysis, and if this is dependent on BCAP. During glycolysis, glucose is converted to pyruvate to generate 2 ATP, and pyruvate is then reduced to lactate, by lactate dehydrogenase, to generate NAD + . Lactate is then shuttled out of the cell by monocarboxylate transporters (Sola-Penna, 2008). Thus, lactate levels in the supernatant can be measured to determine comparative levels of glycolysis (TeSlaa and Teitell, 2014).
We polarized WT and BCA PKO naive T cells to Th17 in the presence or absence of IL-1β and measured the lactate production in the supernatant after polarization. IL-1β significantly increased lactate production from WT T cells polarized to Th17 as compared with BCA PKO T cells (Fig. 6 E) . Importantly, there was no difference in the lactate production of WT and BCA PKO Th17 cells polarized without IL-1β. We next confirmed that IL-1β enhances glycolysis in a BCAP-dependent manner by measuring the extracellular acidification rate (ECAR) using the glycolysis stress test on the Seahorse platform. In concordance with the increased lactate production, WT Th17 cells with IL-1β had significantly increased ECAR, whereas BCA PKO Th17 cells were not responsive to the addition of IL-1β ( Fig. 6 F) . WT T cells polarized to Th17 with IL-1β also had a significantly increased glycolytic rate and glycolytic reserve capacity (Fig. S5 ).
Minimal inhibition of mTOR and glycolysis prevents IL-1βmediated generation of pathogenic Th17 cells
Because increased glycolysis requires increased glucose uptake, we next used the fluorescent glucose analogue 2NBDG to measure glucose uptake in CD4 + T cells polarized to Th17 cells Figure 6 . IL-1β signals through BCAP to activate the mTOR pathway and increase glycolysis. (A-D) BCAP-deficient CD4 + T cells were stimulated with 10 ng/ml IL-1β (A and B), plate-bound αCD3 (5 µg/ml) + αCD28 (5 µg/ml; C), or 20 U/ml IL-2 (D). Cells were immediately fixed to 2% PFA and permeabilized with 100% methanol. After permeabilization, cells were analyzed for pAkt (S473), pS6 (S240/244), and p-p65 (S536). Data are representative of two (B) or three (A, C, and D) experiments. (E) Lactate was measured from the supernatant of naive WT and BCA PKO CD4 + T cells polarized to Th17 cells with irradiated (12 Gy) WT B cells (1:2), 30 ng/ml αCD3, and 10 ng/ml IL-1β as indicated. Shown is the mean ± SEM; n = 3. *, P < 0.05; **, P < 0.01; #, P < 0.0001. Statistical analysis was performed with the two-tailed unpaired Student's t test. (F) Naive WT and BCA PKO CD4 + T cells were polarized to Th17 cells for 48 h, and then stimulated with 10 ng/ml IL-1β for 12 h as indicated and analyzed using the glycolysis stress test on the Seahorse platform. Left: The experimental time course. Right: The ECAR levels of each sample after the addition of oligomycin. Shown is the mean ± SEM; n = 3. *, P < 0.05. Statistical analysis was performed with the two-tailed unpaired Student's t test.
with or without IL-1β. WT Th17 cells polarized in the presence of IL-1β showed increase glucose uptake, as measured by increased 2NBDG uptake, in comparison to WT Th17 cells polarized without IL-1β. Consistent with our previous results, BCA PKO T cells polarized to Th17 cells showed no differences in glucose uptake with or without the addition of IL-1β ( Fig. 7 A) .
As previously described, activation of the PI3K-Akt-mTOR pathway is critical for T cell activation, differentiation, and function (Chi, 2012) . We hypothesized that the enhancement of the PI3K pathway in Th17 lineage cells through IL-1R signaling pushes Th17 cells to increased pathogenicity during the process of differentiation. Thus, minimal and specific inhibition of this pathway should prevent the differentiation of pathogenic Th17 cells. We first assessed whether the addition of low levels of Torin1, an ATP-competitive catalytic inhibitor of mTOR, would prevent the increased glucose uptake specifically after IL-1β addition. Torin1 has an IC50 of ∼10 nM and has previously been used at a minimum concentration of 25 nM, but is typically used at more than 200 nM, and up to 1 µM (Thoreen et al., 2009 (Thoreen et al., , 2012 Matsuzawa et al., 2015; Zhao et al., 2015; Mao et al., 2016) . We polarized naive WT and BCA PKO CD4 + T cells to the Th17 lineage using IL-6 + TGF-β for 48 h; after 48 h, we pretreated the cells with either 10 nM or 30 nM Torin1 for 1 h, and then added IL-1β. After 24 h of incubation, we analyzed the glucose uptake using 2NBDG. 10 nM Torin1 decreased glucose uptake in WT Th17 cells + IL-1β, and 30 nM Torin1 brought glucose uptake levels to that of WT Th17 cells polarized without IL-1β. Interestingly, the addition of Torin1 did not affect the glucose uptake by BCA PKO Th17 cells, suggesting that the addition of Torin1 is not affecting glycolysis levels determined by initial TCR activation ( Fig. 7 A) .
Because minimal inhibition of mTOR with low concentrations of Torin1 inhibited the increased glucose uptake after 24 h that was specifically dictated by IL-1β, we next assessed whether this inhibition of mTOR would decrease the pathogenic Th17 cell transcripts seen in WT T cells after the addition of IL-1β. We polarized WT naive CD4 + T cells to Th17 lineage using IL-6 + TGF-β for 48 h, and then pretreated with 10 nM or 30 nM Torin1 for 1 h. After the pretreatment, IL-1β was added to the culture for 6 h, after which the RNA was isolated for qPCR analysis of pathogenic Th17 transcripts. The addition of IL-1β alone significantly increased the transcription of pathogenic Th17 genes, but further addition of 10 nM Torin1 completely abrogated these effects of IL-1β (Fig. 7 B) . The addition of Torin1 also returned the enhanced levels of IL-17A secretion to that seen without the addition of IL-1β (Fig. 7 C) . Finally, to test if the increased IL-17A secretion is indeed a resultant of increased glycolysis, we used the glucose analogue 2DG, which inhibits hexokinase, thereby inhibiting glycolysis. Again, we polarized WT naive CD4 + T cells to Th17 using IL-6 + TGF-β for Figure 7 . IL-1β mediated increases in glycolysis, and the generation of pathogenic Th17 cells is completely abrogated by low levels of mTOR and glycolysis inhibition. (A) Naive WT and BCA PKO CD4 + T cells were polarized to Th17 cells for 48 h, and then pretreated with 10 or 30 nM Torin1 for 1 h. After pretreatment, the indicated cells were stimulated with 10 ng/ml IL-1β and assayed with 2NBDG 24 h later to quantify glucose uptake via flow cytometry. Data are representative of three independent experiments. (B) Naive WT CD4 + T cells were polarized to Th17 cells for 48 h, and then pretreated with 10 nM or 30 nM Torin1 for 1 h. After pretreatment, the indicated cells were stimulated with 10 ng/ml IL-1β for 6 h and analyzed for pathogenic Th17 transcripts using qPCR. Shown is the mean ± SEM; n = 2. ***, P < 0.001; #, P < 0.0001. Statistical analysis was performed with the two-tailed unpaired Student's t test. (C and D) Naive WT CD4 + T cells were polarized as in B, and then pretreated with Torin1 or 2DG for 1 h, and stimulated with 10 ng/ml IL-1β for 6 h. Supernatants were collected to determine levels of IL-17A secretion by ELI SA. Shown is the mean ± SD of technical replicates. Data are representative of three independent experiments. 48 h, and then pretreated with 0.5 mM 2DG for 1 h, after which we added IL-1β for 6 h. High levels of 2DG (50 mM) can inhibit T cell proliferation, but levels as low as 1 mM, higher than that used in this study, have been shown to have no significant effect on cell proliferation (Shi et al., 2011) . Comparable to the addition of Torin1, 2DG addition completely prevented IL-1β-mediated increases in IL-17A secretion (Fig. 7 D) .
Discussion
The IL-1 cytokine family plays a critical role in regulating the activation and differentiation of CD4 + T cells (Garlanda et al., 2013) . IL-1R and IL-18R are members of the greater TLR-IL-1R superfamily because of their shared use of TIR domains, as well as TIR domain-containing adapters for downstream signal transduction (Takeuchi and Akira, 2010) . The common usage of MyD88 for signal transduction downstream of both TLRs and IL-1R family members places this adapter as a critical node for innate control of adaptive immunity (Takeuchi and Akira, 2010) . Previous work from our laboratory identified a cryptic N-terminal TIR domain in the signaling adapter BCAP (Troutman et al., 2012b) . We demonstrated that BCAP is critical for TLR-induced activation of the PI3K-Akt pathway, and absence of BCAP not only led to abrogation of PI3K activation downstream of TLRs, but also led to enhanced inflammatory cytokine production by myeloid cells after activation of both plasma membrane and endosomal TLRs. In the current study, our data expand the importance of BCAP and provide critical evidence that establish it as an important signaling adapter in the extended TLR-IL-1R superfamily. Specifically, we discovered that BCAP is required for optimal differentiation of Th1 and Th17 lineage cells and has a very specific and defined role downstream of IL-1 and IL-18 receptors. Our in vitro data demonstrate that when T cells are activated in the presence of canonical Th1 and Th17 polarizing cytokines in the form of IL-12 and IL-6 + TGF-β, respectively, both WT and BCAP-deficient T cells differentiate into Th1 and Th17 lineage cells in a comparable fashion. However, when IL-1β or IL-18 are present in culture conditions, BCAP-deficient T cells fail to increase IFN-γ and IL-17A to levels of WT T cells. Analysis of steady-state Th1 and Th17 lineage cells in mice that specifically lack BCAP in T cells corroborated this finding, where there was no difference in the proportion of Th1 and Th17 lineage cells in various lymphoid organs and tissues between mice that harbored either BCAP-sufficient or BCAP-deficient T cells. This is also supported by previous studies showing normal Th1 and Th17 lineage cell commitment in mice with T cellspecific deletions of IL-1R during the steady-state (Mufazalov et al., 2016) . The protein immunization experiments, however, revealed a clear defect in both priming and differentiation of Th1 and Th17 lineage cells. These data point to the fact that immunization with protein + TLR ligands leads to the active production of IL-1 and IL-18, which have important biological effects on CD4 + T cell priming. Although proliferation of BCAP-sufficient and BCAP-deficient T cells is comparable after engagement of TCR and the costimulatory molecule CD28, in vivo data point to the fact that after immunization, there is reduced priming in the absence of BCAP, suggesting a critical role for BCAP downstream of IL-1 and IL-18 receptors in both clonal expansion and effector differentiation. Further, BCAP was required for the generation of pathogenic Th17 cells, which are critical for fulminant autoimmunity, as demonstrated in vivo by decreased active and passive EAE disease development and reduced differentiation of pathogenic Th17 lineage cells in BCAPΔT mice.
The PI3K pathway is important for the survival, activation, and proliferation of all cells, including T cells; its importance in T cells is demonstrated by the convergence of TCR, costimulation, and many cytokine and chemokine receptors on PI3K (Chi, 2012) . The multifactorial activation of PI3K leads to the activation of PDK1 and phosphorylation of Akt at T308, the activation of mTORC2, and the phosphorylation of Akt at S473, allowing for complete activation of Akt and the downstream activation of mTORC1. Once active, mTORC1 increases protein synthesis, glycolysis, and proliferation through a multitude of downstream proteins, including S6K, which phosphorylates ribosomal protein S6. IL-1R signaling has long been recognized for its ability to activate the PI3K-Akt pathway, although the signaling adapter responsible for this pathway was not known (Sizemore et al., 1999) . In fact, it was previously reported that the IL-1R directly bound the regulatory p85 subunit of PI3K (Davis et al., 2006) . Here we demonstrated that the signaling adapter BCAP is specifically required for propagation of PI3K signaling downstream of IL-1R in T cells. T cells lacking BCAP had normal NF-κB activation but were unable to activate the PI3K pathway upon IL-1β stimulation, as demonstrated through deficiencies in both Akt and S6 phosphorylation. Activation of the PI3K-Akt-mTOR pathway with the addition of IL-1β rapidly increased glycolysis and pathogenic Th17 transcripts. Inhibition of this pathway using low levels of Torin1, an ATP-competitive catalytic inhibitor of mTOR, completely abrogated the effects of IL-1β. This suggests that the generation of pathogenic Th17 cells may be an additive result of increased PI3K activation by IL-1R signaling and is likely potentiated by other PI3K activating cytokines, such as IL-23 (Cho et al., 2006) .
Overall, these data suggest that the activation of the PI3K-Akt-mTOR pathway by different receptor systems (TCR/CD28 vs. IL-1R) has differential roles in determining the outcome of T cell activation. Although early activation of this pathway by TCR and CD28 is critical for T cell proliferation and survival, activation of the same pathway by IL-1R signaling via BCAP regulates the expression of genes associated with pathogenic effector differentiation. In many of the experiments, we also see a defect in IFN-γ production by BCAP-deficient T cells, likely because of the function of BCAP downstream of the IL-18R; although, it remains to be determined if BCAP has a similar function regulating PI3K-Akt-mTOR activation in response to IL-18. However, we cannot rule out the defect in IFN-γ production in vivo as a reflection of poor development of IL-17A-IFN-γ double-positive T cells and not the canonical Th1 lineage cells by BCAP-deficient T cells. Further work is required to understand the molecular role of BCAP in regulating Th1 cell responses. Inhibition of mTOR, either directly or through the activation of adinosine monophosphate-activated protein kinase, has been a therapeutic target for preventing transplant rejection and suppressing autoimmunity (Perl, 2015; Mangalam et al., 2016) . This study provides increased evidence for the role of mTOR in the generation of autoimmunity, while also discovering BCAP as a new potential target for dampening autoimmune or pathogenic Th17 lineage cells in diseases such as multiple sclerosis and inflammatory bowel disease, without impeding the generation of Th17 cells necessary for barrier function. It is critical to note, however, that although targeting BCAP to prevent the generation and expansion of pathogenic Th17 cells is appealing, generic inhibition of BCAP would likely not be beneficial because of its role in controlling inflammation downstream of TLR activation in myeloid cells (Ni et al., 2012; Troutman et al., 2012b) . This is an interesting dichotomy in the role of BCAP in immune system function and is a new example of how different arms of the immune system evolve to use similar pathways for opposing effector functions.
Materials and methods
Mice BCA PKO mice were previously generated (Yamazaki et al., 2002) and were bred and maintained on the C57BL/6 background at the University of Texas Southwestern Medical Center animal facility. C57BL/6 WT control mice for BCA PKO mice were obtained from the University of Texas Southwestern Mouse Breeding Core Facility. Embryonic stem cells with the floxed BCAP locus were obtained from the Knockout Mouse Project repository, and the mice were generated by the University of Texas Southwestern Transgenic and Knockout Core facility. The selection cassette was removed by crossing mice to an Act-Flp recombinase expressing strain. The Act-Flp gene was bred off, and mice were crossed to LCK.Cre transgenic mice to generate mice that specifically lack BCAP in T cells (BCAPΔT mice). BCAP fl/fl littermates were used as controls for all experiments with BCAPΔT mice. Mice used were between 6 and 12 wk of age and were maintained in specific pathogen-free conditions. All mouse experiments were done following approved protocols by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center.
Immunizations
For active EAE, mice were immunized subcutaneously with 200 µg mouse MOG 35-55 (CS Bio) emulsified in CFA (Sigma-Aldrich) and were injected intraperitoneally with 200 ng pertussis toxin (List Biologicals) on days 0 and 2 after immunization. For (passive) transfer EAE, CD4 + T cells were isolated from draining lymph nodes of MOG 35-55 -immunized mice and restimulated with WT DCs (1 DC/5 T cells), 100 µg/ml MOG 35-55 , 10 ng/ml IL-1β, and 20 ng/ml IL-23 for 72 h, after which 5 × 10 6 restimulated CD4 + T cells were transferred i.v. into WT recipient mice. Mice were monitored daily, and disease severity was scored as follows: 0 = no clinical signs, 1 = tail paralysis, 2 = tail paralysis and hind limb weakness, 3 = partial hind limb paralysis, 4 = complete hind limb paralysis, 5 = forelimb paralysis or moribund, and 6 = dead. For OVA immunizations, mice were immunized in the footpads with 50 µg OVA (Biovendor) and 5 µg LPS (Invivogen) emulsified in incomplete Freund's adjuvant (Sigma-Aldrich).
Cell isolation T cells were purified by negative selection using antibodies against CD8 (TIB-105, TIB-150), MHC II (Y3JP), CD11b (TIB-128), B220 (TIB0146, TIB0164), and NK1.1 (HB191). Naive T cells were isolated after total CD4 + T cell purification with biotin-conjugated αCD62L (1:200; MEL-14; BioLegend) followed by antibiotin microbeads and then sorted with the Au-toMACS sorter (Miltenyi Biotec). Total CD4 + T cells and naive T cells were also isolated from splenocyte or lymph node single cell suspensions by the Mojosort Mouse CD4 Total or Naive T cell Isolation kit (BioLegend). DCs were isolated from spleens of mice previously injected with 5 × 10 3 B16.FLT3L by biotin-conjugated αCD11c (1:400; N418; BioLegend) followed by antibiotin microbeads (Miltenyi Biotec) and sorting with the AutoMACS sorter (Miltenyi Biotec; Hu et al., 2011) . B cells were isolated from spleens of naive WT mice using biotin-conjugated αCD19 (1:400; 1D3; BD Biosciences) followed by antibiotin microbeads (Miltenyi Biotec) and sorting with the AutoMACs sorter (Miltenyi Biotec).
In vitro T cell priming
Purified naive CD4 + CD62L high CD44 low T cells (3 × 10 5 ) were cultured with splenic CD11c + DCs (6 × 10 4 ) with 3 ng/ml αCD3 (BM10-37; BioLegend) in the presence or absence of TLR ligands (100 ng/ ml Pam3CSK4; Invivogen; or 1 µM CpG; Keck Oligos).
T cell polarizations
For polarizations using plate-bound αCD3 + αCD28, tissue culture plates were coated with 5 µg/ml αCD3 (145-2C11; BioLegend) and 5 µg/ml αCD28 (37.51; Tonbo), incubated at 37°C for 4 h, and washed three times immediately before use. For differentiation to Th17 cells, naive CD4 + CD62L high CD44 low T cells were incubated with IL-6 (20 ng/ml; Peprotech), hTGF-β (5 ng/ml; Peprotech), αIL-4 (10 µg/ml; 11B11; BioLegend), and αIFN-γ (10 µg/ml; XMG1.2; BioLegend), with or without IL-1β (2-10 ng/ml; Peprotech). For differentiation to Th1 cells, naive CD4 + CD62L high CD44 low T cells were incubated with IL-12 (10 ng/ml; Peprotech), IL-2 (50 U/ ml; eBioscience), and αIL-4 (10 µg/ml; 11B11; BioLegend), with or without IL-18 (0.3-3 ng/ml; Gibco). Th2 cell differentiation was achieved by incubating naive CD4 + CD62L high CD44 low T cells with IL-4 (4 ng/ml; Peprotech), IL-2 (50 U/ml; eBioscience), and αIFN-γ (10 µg/ml; XMG1.2; BioLegend).
T cell antigen recall assays T cells purified from draining lymph nodes were harvested 7 d after immunization with OVA or 10 d after immunization with MOG 35-55 . T cells (3 × 10 5 /well) were incubated with DCs (3-6 × 10 4 /well) and titrating doses of antigen for 72 h. Supernatant was collected at 72 h to measure cytokine production. Proliferation of T cells was determined by incorporation of 3 H-thymidine for the last 16 h of culture.
Flow cytometry
For surface staining, cells were first blocked with purified αCD16/CD32 (1:1,000; 2,4G2; Tonbo) for 15 min, and then stained with relevant antibodies for 30 min on ice. For intracellular cytokine staining, cells were first stimulated with 50 ng/ml PMA (Sigma-Aldrich) and 1 µM ionomycin (Sigma-Aldrich) in the presence of brefeldin A (BioLegend) for 5 h, followed by surface staining. Cells were then fixed with 4% paraformaldehyde for 15 min at room temperature, permeabilized with 0.3% saponin, and then stained for intracellular cytokines. For transcription fac-tor staining, cells were stained, fixed, and permeabilized using the Transcription Factor Staining Buffer Set (eBioscience). For pSTAT3 analysis, total lymphocytes were isolated and stimulated with IL-6 (20 ng/ml; Peprotech) and IL-1β (10 ng/ml; Peprotech), alone or together, for 30, 60, 240, or 360 min. Immediately after stimulation, cells were fixed to 2% PFA for 10 min at 37°C, washed, permeabilized with 100% ice-cold methanol, and chilled to −20°C for a minimum of 30 min. For pAkt and pS6 analysis, total CD4 + T cells were isolated from lymph nodes and spleen and activated for 30-72 h. After activation, cells were washed extensively and incubated in 1% FCS-RPMI for 16 h. Cells were stimulated with IL-1β (10 ng/ml; Peprotech), IL-2 (20 U/ml; BioLegend), or plate-bound 5 µg/ml αCD3 (BM10-37; BioLegend) and 5 µg/ml αCD28 (37.51; Tonbo). For p-p65 analysis, cells were stimulated directly in 10% FCS-RPMI media. After stimulation, cells were immediately fixed to 2% PFA for 10 min at 37°C, washed, permeabilized with 100% ice-cold methanol, and chilled to −20°C for a minimum of 30 min. After permeabilization, cells were blocked with purified αCD16/ CD32 (1:1,000; 2.4G2; Tonbo) for 15 min and stained with relevant antibodies for 1 h at room temperature. For CFSE labeling, equal numbers of cells were washed in PBS and stained with 5 µM CFSE (BioLegend) in PBS for 7 min at room temperature. After incubation, cells were immediately washed in serum containing media and recounted for plating. For secondary antibody conjugation, cells were washed to remove primary antibody and stained for another 20 min with the appropriate antibody. Antibodies used were as follows: from BioLegend, CD4 (1:400; RM4-5), CD44 (1:800; IM7), CD62L (1:600; DREG-56), CD90.2 (1:1,000; 30-H12), IL-17A (1:200; TC11-18H10.1), IFN-γ (1:300; XMG1.2), Zombie Yellow (1:500), and CD121a (1:200; JAMA-147); from BD Biosciences, pSTAT3 (1:1,000; 4/P-STAT3); from Cell Signaling Technologies, pAkt (1:50; D9E), pS6 (1:1,000; D68F8), and p-p65 (1:50; 93H1); from eBiosciences, RORγt (1:100; AFK JS-9); and from Tonbo, Fc-Block (1:1,000; 2.4G2).
Western blotting
Purified T cells were stimulated with plate-bound 5 µg/ml αCD3 (145-2C11; BioLegend) and 5 µg/ml αCD28 (37.51; Tonbo), polarized to the indicated lineages, and harvested at the designated time points. Cells were washed twice with PBS and lysed with RIPA buffer. Protein concentrations were quantified using the Bradford Assay, and equal amounts of protein were resolved on 4-12% Bis-Tris Plus gels (Thermo Fisher Scientific), transferred to PVDF membrane (EMD Millipore), and blotted for BCAP (1 µg/ ml; 501813; R&D Systems) or H3 histone (1:3,000; Cell Signaling). Blots were then probed with appropriate secondary antibodies conjugated to fluorophores (IRDye 800CW goat anti-mouse, IRDye 680RD goat anti-rabbit), and membranes were imaged using LI-COR Odyssey CLx.
Isolation of lamina propria lymphocytes
Lamina propria lymphocytes were isolated as previously described (Ivanov et al., 2006; Hu et al., 2011) . In brief, intestines were carefully removed from mice and extensively washed using ice-cold PBS. Intestinal tissue was cut longitudinally, and then into ∼1-inch pieces. Tissues were incubated in 1 mM EDTA with rotation for removal of the epithelial cell layer. Tissues were further digested three times using Collagenase Type IV (Sigma-Aldrich) and DNase1 (Sigma-Aldrich), passed through a 40-µm filter, and subjected to a 40-70% Percoll gradient. Lymphocytes were collected from the Percoll gradient and used for further analysis.
Quantitative real-time PCR
Purified naive CD4 + CD62L high CD44 low T cells were activated with plate-bound 5 µg/ml αCD3 (145-2C11; BioLegend) and 5 µg/ ml αCD28 (37.51; Tonbo), and were polarized to Th17 cells with IL-6 (20 ng/ml; Peprotech), hTGF-β (5 ng/ml; Peprotech), αIL-4 (10 µg/ml; 11B11; BioLegend), and αIFN-γ (10 µg/ml; XMG1.2; BioLegend), with or without IL-1β (10 ng/ml, Peprotech), for 6, 30, 48, or 60 h. For the experiments with Torin1 (Cell Signaling Technologies), cells were polarized to Th17 cells without IL-1β for 48 h, and then pretreated with 10 or 30 nM Torin1 for 1 h. After pretreatment, cells were treated with IL-1β as indicated for 6 h, after which supernatant was collected for cytokine quantification by ELI SA, and cells were isolated for qPCR. After cells were collected and washed with PBS, cells were lysed with TRIzol Reagent (Invitrogen), RNA was isolated, and cDNA was synthesized using M-MLV Reverse transcription (Invitrogen). The Quant-Studio 7 Flex Real-Time PCR System (Thermo Fisher Scientific) was used to measure SyBR green (Thermo Fisher Scientific) incorporation. Relative amounts of mRNA were normalized to 18S RNA levels within each sample. Oligonucleotides used were the following: Tbx21: forward, 5′-GGA GCC CAC AAG CCA TTA CA-3′, reverse, 5′-ACA TAT AAG CGG TTC CCT GGC-3′; Hif1α: forward, 5′-GGG TAC AAG AAA CCA CCC AT-3′, R-GAG GCT GTG TCG ACT GAG AA-3′; Sox5t: forward, 5′-ACA TCG GGA AGT AGG AGA GAC TGA-3′, reverse, 5′-TAC CTC TCC ATC TGT CTC CCC ATA-3′; IL-23R: forward, 5′-CTT CCC AGA CAG TTT CCC AGG-3′, reverse, 5′-CCA AGA AGA CCA TTC CCG ACA-3′; and BCAP: forward, 5′-TAT CGC CTG GGA ACC TGA TG-3′, reverse, 5′-CCT TCT CGT CCA GCT TGC AT-3′.
Metabolic assays
For the Seahorse Assay, purified naive CD4 + CD62L high CD44 low T cells were activated with plate-bound 5 µg/ml αCD3 (145-2C11; BioLegend) and 5 µg/ml αCD28 (37.51; Tonbo), and were polarized to Th17 cells with IL-6 (20 ng/ml; Peprotech), hTGF-β (5 ng/ ml; Peprotech), αIL-4 (10 µg/ml; 11B11; BioLegend), and αIFN-γ (10 µg/ml; XMG1.2; BioLegend). After 48 h of polarization, IL-1β (10 ng/ml; Peprotech) was added to the appropriate wells. At 60 h, cells were transferred to Cell-Tak (Corning)-coated XF24 assay plates at 10 6 cells per well and analyzed using the glycolysis stress test (20 mM glucose, 1 µM oligomycin, and 100 mM 2DG) by the Seahorse Extracellular Flux Analyzer (Agilent) in the University of Texas Southwestern Metabolic Phenotyping Core. To determine lactate production, naive T cells were polarized with irradiated (12 Gy) B cells (1:2 ratio), and IL-6 (20 ng/ml; Peprotech), hTGF-β (5 ng/ml; Peprotech), αIL-4 (10 µg/ml; 11B11; Bio-Legend), αIFN-γ (10 µg/ml; XMG1.2; BioLegend), and IL-1β (10 ng/ml; Peprotech), as described. Supernatants were collected at the indicated time points, and lactate was measured using the BioVision Lactate Assay kit II. For glucose uptake, naive T cells were polarized to Th17 cells using plate-bound 5 µg/ml αCD3 (145-2C11; BioLegend) and 5 µg/ml αCD28 (37.51; Tonbo) for 48 h, pretreated with 10 nM or 30 nM Torin1, and then treated with IL-1β (10 ng/ml; Peprotech) for 24 h. At 72 h, cells were washed with PBS twice, incubated with glucose-free media for 1 h, and treated with 2NBDG (30 µM; Cayman Chemical) for 30 min. Cells were immediately stained and run for FACS analysis using Novo-Cyte (Acea Biosciences).
ELI SA
Primary antibodies (αIFN-γ; R4-6A2; BioLegend; αIL-17A; TC11-18H10.1; BioLegend) were diluted in ELI SA Coating Buffer (Bi-oLegend) and coated on ELI SA plates overnight at 4°C. Coated plates were blocked with PBS containing 1% BSA for 2 h. Then samples and appropriate standards were loaded in duplicate, diluted in blocking buffer, and incubated overnight. Detection antibodies (αIFN-γ; XMG1.2; BioLegend; αIL-17A; TC11-8H4; Bi-oLegend) were used according to manufacturers' instructions. Plates were washed extensively in between steps with PBS and 0.05% Tween-20, and were developed using the o-Phenylenediamine colorimetric assay and read at 490 nm using a iMark microplate reader (Bio-Rad).
Histology
On day 16 after immunization, mice were sacrificed and perfused through the heart with 10 ml of ice-cold PBS. Spinal cords were collected and fixed in 10% neutral-buffered formalin for 36 h, and then submitted to the University of Texas Southwestern Molecular Pathology Core for tissue embedding and Luxol Fast Blue staining. Slides were imaged at 10× using a DM2000 Compound Research Photomicroscope (Leica).
Isolation of lymphocytes from spinal cord
On day 30 after transfer, mice were sacrificed and perfused through the heart with 10 ml of ice-cold PBS. Spinal cords were collected in 2 ml PBS and digested using 2 mg/ml collagenase D and 28 U/ml DNase I for 30 min at 37°C. After digestion, cells were washed with PBS containing 2% FCS and 2 mM EDTA and passed through a 100-µm filter, and then subjected to a 40-70% Percoll gradient. Lymphocytes were collected from the Percoll gradient and used for further analysis.
Statistical analysis
Data are presented as means ± SD or means ± SEM, and comparison of datasets was performed with the two-tailed unpaired Student's t test unless otherwise noted in the figure legend. Significance was considered at P < 0.05. *, P < 0.05; **, P < 0.01; ***, P < 0.001; and #, P < 0.0001. All statistical analysis was performed using Prism (GraphPad). Fig. S1 shows that BCA PKO T cells have deficient priming in vivo but proliferate normally in response to TCR and CD28 stimulation and have equal expression of RORγt. Fig. S2 shows equal viability but decreased antigen-specific proliferation by BCAPΔT CD4 + T cells as well as normal expression of RORγt in BCAP-deficient T cells polarized to Th17 lineage with or without IL-1β. Fig. S3 shows that RORγt is comparable in CD4 + T cells isolated from lymph nodes of EAE-induced BCAP fl/fl and BCAPΔT mice. Fig. S4 shows defects in sustained STAT3 phosphorylation in CD4 + T cells that lack BCAP after IL-6 + IL-1β stimulation. Fig.  S5 demonstrates defective glycolytic capacity of BCAP-deficient CD4 + T cells in response to IL-1β stimulation.
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